Data from behavioural observations and acoustic recordings of free-ranging bottlenose dolphins (Tursiops truncatus) were analysed to determine whether signature whistles are produced by wild undisturbed dolphins, and how whistle production varies with activity and group size. The study animals were part of a resident community of bottlenose dolphins near Sarasota, Florida, USA. This community of dolphins provides a unique opportunity for the study of signature-whistle production, since most animals have been recorded during capture-release events since 1975. Three mother-calf pairs and their associates were recorded for a total of 141.25 h between May and August of 1994 and 1995. Whistles of undisturbed dolphins were compared with those recorded from the same individuals during capture-release events. Whistles were conservatively classified into one of four categories: signature, probable signature, upsweep or other. For statistical analyses, signature and probable signature whistles were combined into a 'signature' category; upsweep and other whistles were combined into a 'non-signature' category. Both 'signature' and 'non-signature' whistle frequencies significantly increased as group size increased. There were significant differences in whistle frequencies across activity types: both 'signature' and 'non-signature' whistles were most likely to occur during socializing and least likely to occur during travelling. There were no significant interactions between group size and activity type. Signature and probable signature whistles made up ca. 52% of all whistles produced by these free-ranging bottlenose dolphins.
INTRODUCTION
Bottlenose dolphins (Tursiops truncatus) produce a wide variety of vocal signals to respond to and interact with both their group members and their environment. These vocalizations can be grouped into three different categories: broad-band echolocation clicks; broad-band burstpulsed sounds; and frequency-modulated narrow-band whistles (Caldwell et al. 1990 ). Caldwell & Caldwell (1965) were among the first researchers to investigate the production of whistles in captive bottlenose dolphins scientifically. Their recordings showed that each animal tended to produce a unique whistle when in isolation. Although the whistles were shown to vary in intensity, duration and rate of production, the basic contour (or pattern of frequency changes over time) of each individual's whistles remained the same overall (Caldwell & Caldwell 1965; Caldwell et al. 1990) .
Because these whistles contained distinctively individual characteristics, they were termed 'signature whistles' (Caldwell et al. 1990 ). These unique features allow spectrograms of the signature whistle of one individual to be visually separated from spectrograms of signature whistles of other individuals and from spectrograms of nonsignature whistles (Janik & Slater 1998) . Spectrograms of signature whistles are more accurately classified visually by human observers than by computer methods because humans are more capable of recognizing the general form of the whistle: naturally occurring variations are minimized instead of being the impetus for separate whistle classifications ( Janik 1999) . Variations that may occur include repetitions and/or deletions of certain whistle parts and changes in whistle duration or the frequency band in which the whistle is produced.
Signature whistles appear to function in the recognition of individuals by others (Caldwell & Caldwell 1965; Caldwell et al. 1990; Sayigh et al. 1999) ; playback experiments demonstrated that temporarily captured free-ranging dolphins are capable of discriminating between the signature whistles of different familiar individuals (Sayigh et al. 1999) . Signature whistles also appear to function in maintaining group cohesion. Janik & Slater (1998) found that captive bottlenose dolphins primarily produced stereotyped signature whistles when one individual was separated from the rest of the group and that the separated individual primarily produced one stereotyped signature whistle. However, when all of the animals were together, they primarily produced non-signature whistles. These data suggest that signature whistles of bottlenose dolphins provide a means of locating and maintaining contact with other dolphins. Similarly, Smolker et al. (1993) showed that wild bottlenose dolphin mother-calf pairs whistled commonly while separated, but not as frequently while together. McCowan & Reiss (1995 , 2001 , however, found that 12 captive dolphins shared a variety of whistle types within and among socially interactive groups. Based on these data, McCowan & Reiss (1995) suggested that signature whistles occur only during times of stress, as they had been documented only in small captive groups or in restrained captive or free-ranging animals. In their later study, McCowan & Reiss (2001) suggested that signature whistles do not exist at all.
The goal of this study was to determine whether unrestrained free-ranging dolphins do produce signature whistles, and if they do, to relate this production to factors such as activity and group size. To date, very little research has been done in this area, primarily because of the difficulties in identifying which dolphin is vocalizing. A resident community of bottlenose dolphins near Sarasota, Florida provides a unique opportunity to study signaturewhistle production because most of the animals have been recorded during brief capture-release events since 1975 . Dolphins tend to produce large numbers of stereotyped signature whistles during capturerelease events; thus, these whistles can be compared with those recorded from the same animals under undisturbed conditions. These data provide insights into whether signature whistles occur naturally in free-ranging dolphins.
MATERIAL AND METHODS

(a) Sarasota dolphin community
The data analysed for this study were collected from a resident community of free-ranging bottlenose dolphins in the waters near Sarasota, Florida Wells 1991 Wells , 2003 during May-August 1994 and May-July 1995. Data were collected as part of a study of vocal development, in which acoustic recordings and focal behavioural observations (Altmann 1974) were made of mother-calf pairs. During focal observation sessions, or follows, selected mother-calf pairs were followed for extended periods, often over the course of several hours. The dataset consisted of 141.25 h of observations and recordings. Dolphins were recorded as described by Sayigh et al. (1993) . Briefly, to enable continuous recording two hydrophones with weighted cables were towed, while underway, by a small boat. One hydrophone was connected to a high-pass filter to remove noise from the boat engine. Recordings were made with a Panasonic AG-6400 hi-fi VCR that was capable of recording frequencies up to at least 32 kHz (frequency response of 20 Hz to ca. 20 kHz; dynamic range of 80 dB at 3% distortion). Verbal comments describing group composition, mother-calf distance, calf's nearest neighbour, activity, location and group size were recorded onto a third channel at 5 min intervals. Activities included milling, travelling, milling/travelling, feeding or probable feeding, resting and socializing (see Appendix A for definitions). Also noted was the presence of other animals in the area, but not within the group (a group was defined as animals within a 50 m radius of the focal animals). Acoustic localization of individual animals was not used in this study. Photographs were taken to ensure proper identification of the animals being studied (Wü rsig & Jefferson 1990 ).
(b) Whistle classification
The videotapes containing the data were analysed using Signal/RTSD (version 3.0, Engineering Design, Belmont, MA, USA), a sound-analysis computer program capable of displaying Proc. R. Soc. Lond. B (2004) spectrograms in real time. First, we familiarized ourselves with the signature whistles of known group members by examining them in the existing Sarasota Dolphin Community signaturewhistle catalogue, which contains the predominant whistle produced by each dolphin during capture-release events. This catalogue currently contains whistles from 134 animals, many of which have been recorded on multiple occasions over periods of up to 27 years.
To determine whether signature whistles are produced by free-ranging bottlenose dolphins, a conservative tally of signature-whistle occurrences was kept as their spectrograms were seen on the computer screen. A signature whistle was defined as a whistle that visually matched the known signature whistle (recorded during brief capture-release events) of an animal identified in the group (figure 1). The remaining whistles were categorized as probable signature whistles, upsweeps or others. A probable signature whistle was classified in either of two ways. First, it could be a repeated (twice or more), stereotyped, whistle that visually matched the known signature whistle of a catalogue animal not positively identified in the group (since the focus of the observations was on the behaviour of the focal mother-calf pair, it was often not possible to identify all group members). Second, a probable signature whistle could be a repeated (twice or more), stereotyped, contour that could be attributed to a group member not in the catalogue. For example, if one member of a group had never been recorded during a capture-release event but a repeated stereotyped whistle that was not in the catalogue was consistently heard when this animal was present, that whistle would be classified as a probable signature whistle. An upsweep was classified as a whistle consisting solely of an increase in frequency over time (figure 2). Many signature whistles consist of repeated upsweeps, as seen in figure 1a-d. However, we were extremely conservative when classifying upsweeps as signature whistles or probable signature whistles, by matching subtle contour variations (e.g. compare the upper portions of the upsweeps in figure 1a ,b, and the middle portions of the upsweeps in figure 1c,d, see arrows) . Thus, the upsweep category probably includes many signature whistles for which the recording clarity was not sufficient to identify the contour positively. Finally, other whistles were defined as those that could not be characterized, often owing to poor recording clarity.
This methodology was not able to account for any possible instances of non-overlapping whistle imitations that may have occurred. In the case of imitations in which two whistles with the same contour overlapped, the first was classified as a signature, probable signature, upsweep or other whistle (as appropriate), and the second was put in the 'other' category.
Overall percentages for each of the four whistle categories were calculated. For statistical analyses, signature and probable signature whistles were combined into a 'signature' whistle category, and upsweep and other whistles were combined into a 'non-signature' whistle category. To determine how group size and activity type relate to whistle frequency, a log-linear model was constructed with the number of whistles per 5 min interval taken as a Poisson-distributed response (log-linear models of various types are discussed in Agresti (2002) ). Group size was taken as a quantitative predictor and modelled in a linear fashion, with the model also including effects for activity type and the interaction between group size and activity type. Additionally, since the data consist of sets of observations (follows) on groups of animals, the set of observations for each distinct group of animals was taken as a collection of repeated 
time ( 
RESULTS
Out of the 3208 whistles analysed, 664 (20.7%) were visually classified as signature whistles. Probable signature whistles accounted for 31.5% (1011), upsweep whistles 19.0% (609) and other whistles 28.8% (924). The average number of whistles per 5 min interval was found to be 1.89 ± 0.10 s.e., n = 3208.
Proc. R. Soc. Lond. B (2004)
The results of the log-linear model fits show a significant linear effect of group size, for both 'signature' (signatures plus probable signatures) whistle frequency and 'non-signature' (upsweeps plus others) whistle frequency (tables 1 and 2). There are also significant differences in whistle frequencies across activity types; pairwise comparisons of activity types are contained in tables 3 and 4. The average number of 'signature' whistles per 5 min interval was significantly higher during socializing than during feeding ( p Ͻ 0.05) and significantly lower during travelling than during milling or socializing ( p Ͻ 0.05 for both; table 3). The average number of 'non-signature' whistles per 5 min interval was significantly higher during socializing than during feeding, milling, milling and travelling or resting ( p Ͻ 0.05 for all), and significantly lower during travelling than during feeding, milling, milling and travelling or socializing ( p Ͻ 0.05 for all; table 4). No significant interactions between group size and activity type were detected by the model ( p Ͼ 0.11 for all interaction terms). Additionally, for the purpose of illustration, model-based estimates of whistle frequencies are given for several combinations of group size and activity type (tables 5 and 6).
DISCUSSION
Approximately 52% of all whistles produced by freeranging bottlenose dolphin groups containing mother-calf pairs in Sarasota, Florida are signature or probable signature whistles. Thus, signature whistles clearly are not merely artefacts of stressful circumstances. The results of our model fits show a significant linear effect of group size for both 'signature' whistle frequency and 'non-signature' whistle frequency; therefore, the whistling frequency of bottlenose dolphins grows at a steady rate as group size increases. The frequency of 'signature' whistles was higher during socializing than during feeding. While socializing, active interactions among dolphins can occur in one part of the group, while the entire group is often spread out over a wide area. It is possible that as group spread increases vocal contact to maintain group cohesion is more common. Water clarity is poor in this productive estuarine environment, and thus visual contact is generally not feasible over distances of more than a few metres. The frequency of 'non-signature' whistles was also higher during socializing than during several other activities. 'Nonsignature' whistles are a promising area for future research, as these results suggest that they may serve a social function.
The frequency of 'signature' whistles was lower during travelling than during milling or socializing. During travelling, animals tend to stay closer together and surface in consistent directions; therefore, physical and/or visual contact may help animals keep track of one another. Thus, the theory that signature whistles are used as cohesion calls ( Janik & Slater 1998 ) is supported by these data. The frequency of 'non-signature' whistles was also lower during travelling than during feeding, milling, milling and travelling or socializing. This supports the idea that dolphins typically do not use acoustic communication while travelling.
The high whistle rates during socializing (averaging 12 whistles per 5 min interval) were not simply caused by the presence of more dolphins. No significant interactions between group size and activity type were detected by the log-linear model ( p Ͼ 0.11 for all interaction terms). Thus, although socializing often occurs in groups of more than five animals, these findings show that each individual animal in the group is, on average, producing more whistles. Jones & Sayigh (2002) also reported that the average number of whistles per dolphin in Sarasota, Florida was significantly higher while dolphins were socializing than while they were travelling or milling and travelling. McCowan & Reiss (1995 , 2001 concluded that bottlenose dolphins shared certain whistle types, and that the predominant shared whistle type, an upsweep, functioned as a contact call with individually distinct features (McCowan & Reiss 2001) . McCowan & Reiss (1995 , 2001 ) also concluded that the use of signature whistles by bottlenose dolphins was rare or even non-existent. However, their studies were conducted with dolphins that were housed in the same tank; if signature whistles function as a means of cohesion, they would not be expected to occur in these circumstances because the animals were never separated from each other by large distances ( Janik & Slater 1998; Janik 2000) . In addition, good water clarity may enable most captive dolphins to maintain visual contact with one another, thus obviating the need for signature-whistle production.
The present study supports the idea that upsweeps play an important role in the bottlenose dolphin whistle repertoire (Tyack 1986; Janik et al. 1994) , as 19% of all whistles were classified as upsweeps. However, it appears that the recording conditions of the captive dolphins in the McCowan & Reiss (1995 , 2001 ) studies stimulated upsweep, rather than signature-whistle, production; Tyack (1986) reported that upsweeps comprised only 6% of the whistle repertoires of two captive dolphins. We demonstrated that free-ranging undisturbed dolphins produce a combination of signature whistles and upsweeps in their natural repertoire. The present study clearly demonstrates that signature whistles play an important role in the natural communication system of bottlenose dolphins.
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